The coal composite iron ore hot briquette made by utilizing thermal plasticity of coal is recently developed as agglomerates without binder, which has several advantages to retain high density and strength during reaction at high temperatures.
Introduction
Recent years, in order to mitigate global environmental problems, various countries are necessary to reduce greenhouse gas emission based on Kyoto Protocol. As steel works use huge fossil fuel, their efforts to reduce greenhouse gas emission will contribute greatly to this problem. As countermeasure for burden into a blast furnace, it was recently reported that carbon composite iron ore briquettes were effective. [1] [2] [3] From this view point, the coal composite iron ore hot briquette made by utilizing thermal plasticity of coal is recently developed as agglomerates without binder, which has several advantages to retain high density and strength during reaction at high temperatures. 2, 3) Also, it contributes to less CO2 emission and RAR (reducing agent rate). 4) Lately, the authors presented some researches regarding reaction behavior of coal composite iron ore hot briquettes at high temperatures. [5] [6] [7] [8] Also, this briquette has some benefits other than above mentioned, as below.
1) It does not need binder such as cement because of briquetting at the temperatures appeared thermal plasticity of coal and it does not take long times to cure agglomerates with cement for gaining high strength.
2) It gives high ferrous content and enables less slag rate.
3) Due to intimate contact between ore and solid reductant fines and lower porosity, it enables a high heat transfer and more effectively higher reaction rates at lower temperatures than usual blast furnace operation. 9) In this work, several hot briquettes mixed with coal and ore fines were prepared to elucidate influence of more coal amounts than C/O=3/3 on their reaction behavior in a laboratory scale blast furnace simulator. Then, self reaction and softening-melting tests of the briquettes were carried out in N2 stream with heating from room temperature to 1 400°C in the furnace simulator.
Furthermore, the gasification test of partial reacted briquettes was carried out at 1 000°C in CO-CO2 gas by a thermobalance to investigate further reaction mechanism in the briquettes.
Experimentals
The chemical compositions of iron ore and coal employed in this work are shown in Table 1 . The ore (Samarco) contains less gangues and crystalline water and mainly consists © 2011 ISIJ of hematite mined in Brazil. The coal (Mt. Owen) has a maximum fluidity temperature of 436°C and Gieseler maximum fluidity 236. The ore (45-75 μm dia.) and coal (-45 μm dia.) were mixed as three proportions (molar ratio C/ O=3/3, 4/3, 14/3, Table 2 shows reaction formulas and mixed ratio of iron ore and coal.) on the basis of equimolar oxygen reducible in ore against carbon fixed in coal C/O=3/ 3, in order to elucidate influence of amounts of coal mixed in the briquettes on their reaction behavior in a blast furnace.
These mixtures were gradually heated until a maximum fluidity temperature of coal inside a press machine with a N2 gas flow and hot briquetted under 4 ton load during 2 min into a cylinder type (15 mm dia., 10 mm thick). We named them briquettes A, B, and C in order of amounts of iron ore mixed.
Then, reaction and softening-melting tests of the briquettes were carried out in a N2 stream (0.5 Nl/min) under 1 kg load with heating from room temperature to 1 400°C in a laboratory scale blast furnace simulator 7, 8) (Thermal reserve zone 1 000°C). A batch of two briquettes were set in a graphite crucible (18 mm inner dia.) equipped inside a reaction tube (Fig. 1 reacted partially until 1 000°C (110 min) and metallurgical coke were carried out at 1 000°C in 80%CO-20%CO2 gas mixture by a thermobalance to investigate further reaction mechanism in the briquettes. Figure 2 shows apparent density and crushing strength after briquetting with carbon content in the briquettes. From this figure, it was found that both apparent density and crushing strength decreased from 2.83 to 1.57 (g/cm 3 ) and from 830 to 60 (kgf/cm 2 ) with increasing coal contents for briquettes A-D, respectively. Decrement of the former density would be mainly due to increment of coal contents in briquettes, whereas coal has a thermal plasticity and hot briquetting under the maximum fluidity makes contacts between ore and coal fines closest, leading to their densification.
Results and Discussion

Characteristic of Briquettes
Weight Loss and Carbon Content
Figures 3 and 4 show weight loss and carbon content of briquettes after partial reaction, where theoretical final weight loss are also shown assuming that final residues are iron, gangues, ash, and carbon remained on the basis of reaction formula in Table 2 . Briquettes A and B reached nearly the theoretical final weight loss if residual carbon was considered. Briquette C showed more weight loss than theoretical value probably due to the excess carbon gasification.
From Fig. 4 , it was found that briquettes A and B left a little residual carbon, while briquette C left much carbon even in the range of high temperatures. Figure 5 shows shrinkage degree of briquettes with reaction time. Briquette A showed considerable shrinkage over 1 000-1 200°C, which would be due to sintering of metallic iron with a little slag melting. Briquette B did not almost indicate shrinkage until 1 200°C due to the spacer effect of residual char.
Shrinkage and Strength of Briquettes
Then, it was found that briquettes A and B shrank rapidly around 1 250°C probably due to metal melting with iron carburization by residual carbon. However, briquette C did not almost shrink until 1 400°C due to the spacer effect of much residual char (see Figs. 13(a)-13(c)). Table 2 . Reaction formulas and mixed ratio of iron ore and coal. ISIJ International, Vol. 51 (2011), No. 8
As shown in Fig. 6 , the cold crushing strength after partial reaction tended to decrease beyond the initiation of iron metallization, while they provided more than those required for practical blast furnace pellets during a whole period.
Gas Chromatography
From exit gas analysis during reaction by gas chromatography as shown in Fig. 7 , the followings were derived.
1) Gasification and metallization proceeded much over 900-1 000°C, in which gas chromatography provided CO and CO2 contents in exit gas with a little larger than PCO/ (PCO + PCO2)=0.71 under the equilibrium in a chemical reaction between Fe and FeO at 1 000°C. These results suggest the gasification would be the rate controlling process for overall reaction of briquettes over 900-1 000°C. 7, 8) 2) Direct reduction of unreduced FeO and a part of SiO2 in slag by residual carbon were observed above 1 200°C and these reductions occurred partially with external carbon such as graphite crucible, leading to excess weight loss, 7, 8) whereas any silicon in iron was not detected by EDX.
Gasification and Reduction
By using weight loss and carbon content of partial reacted briquettes and assuming gasification of both carbon and others (H, N, S, O species except ash in coal) at the same rate, both gasification degree of coal and reduction degree of iron ore were evaluated for their briquettes, according to our previous researches. 7, 8) These results are shown with reaction time in Fig. 8 .
From these results, the followings were found.
1) The gasification degree progressed faster and the reduction degree progressed slower with decreasing coal amounts mixed in briquettes. 2) The gasification degree for briquettes A, B and C reached 85%, 75%, and 30% over 1 000-1 100°C, respectively.
3) The reduction degrees reached nearly 100% and a little greater than 100% for briquettes A and B, and briquette C over 1 000-1 100°C, respectively.
4) The reduction degree for sinter (JIS-RI 62.1%) obtained under a BF simulated reaction condition (N2-CO-CO2 gas) in the same apparatus 8) showed a little retardation around 80% above 1 100°C, showing a lower reducibility than briquettes as included in Fig. 8 . These can be also seen from X-ray diffraction results of briquettes A-C and sinter reacted until 1 100°C as shown in Fig. 9. 
Reaction Mechanism
From observation of microstructures in cross sections of partial reacted briquettes (see Figs. 11-13 ), fine metal iron particles have been observed at random in the surface or in the inside of ore grains in coal char matrix. Therefore, both gasification of coal and reduction of iron ore shown in Fig.  8 From Fig. 8 , both gasification and metallization processes proceeded actively over 700-1 000°C. As a result, it was found that both rate constants obtained over these temperature ranges kg and kr increased and decreased with initial molar ratio Fe/C in briquettes, respectively, as shown in Fig. 10 . These results suppose to be relating mainly with coupling reactions between Eqs. (2) 
Softening-melting Behavior and Micro Structures
Regarding softening-melting behavior in the range of higher temperatures as indicated from results of shrinkage in Fig. 5 , pore formation with gasification of carbon, slag melting associated with residual FeO, carburization to metallic iron by CO gas and solid carbon and metal melting would proceed with reaction time depending upon amounts of coal mixed in briquettes. Recently, carburization mechanism to metallic iron by solid carbon via melting slag were reported. 10, 11) Next, to discuss further reaction mechanism, micro structures in cross sections after reaction of briquettes A, B, and C were observed under an optical microscope and are shown in Figs. 11-13 , including those after etching their surfaces. From these results, it was found that some pearlite were observed from around 1 200°C for all etched briquettes, showing significant carburization to metallic iron.
For briquette A reacted until 1 300°C (Fig. 11(e) ), carbon content in iron was estimated to be nearly 1.5 mass%C, because these structures might consist of pearlite inside crystalline grains with cementite in the grain boundary. It is Sinter assured that further metal melting by carburization made the sample shrink rapidly. At 1 400°C, it was found that because both precipitation of kish and eutectic graphites were observed ( Fig. 11(f) ), the sample was mostly melted under graphite saturation (nearly 4.8 mass%C). For briquette B, it was found that eutectic graphite precipitated and metal melted over 1 300°C (Fig. 12(b) ), supposing that carbon content in iron was nearly 3 mass%C. Moreover, the sample indicated no aggregation and was under pulverization with residual excess carbon by shrinking rapidly under the load.
While metallic iron in briquette A melted under graphite saturation to aggregate to a small nugget (Fig. 11(c) ), the sample of briquette C consisted of a large number of fine iron droplets (carbon saturation) in more residual excess char matrix (Fig. 13(c) ) not to shrink mostly until 1 400°C.
Reactivity and Strength of Partial Reacted Briquettes
The gasification tests of briquettes A-D reacted partially until 1 000°C (110 min) and metallurgical coke (Table 3) were carried out at 1 000°C in 80%CO-20%CO 2 gas mixture by using a thermobalance to investigate further reaction mechanism in the briquettes. This gas composition corresponds with that in the exhaust gas over 900-1 000°C as shown in Fig. 7 , where both gasification and reduction proceed most actively.
Next, assuming that the gasification obey the first order reaction rate equation and using the weight loss corrected for reduction of remained FeO in the briquettes, gasification rate constant k g were obtained as a linear relation against initial molar ratio Fe/C in partial reacted briquettes, as shown in Fig. 14, analogous to Fig. 10 . This means the gasification of carbon in briquettes have been mostly proportional to relative amounts of metallic iron as catalysis, because partial reacted briquettes have initial reduction degrees larger than 71%.
The gasification (i.e. carbon solution loss reaction Eq. (2)) would proceed actively via metallic iron as catalysis based on redox reactions Eqs. (4) and (5). If comparing these results with k g value of coke, briquette A had 2 500 times greater value k g than coke.
These years, burden such as ferro coke 13, 14) are under development in Japanese steel companies. It is desirable they have high values for both reactivity and strength. Figure 15 shows a relation between gasification rate constant k g and crushing strength after gasification tests of partial reacted briquettes obtained in this work. This indicated usual tendency to increase reactivity with decreasing strength. This relation is corresponding to a general statement that carbon materials having higher crystallinity such as coke possess lower reactivity with CO2 gas and higher strength. These results should be investigated further based on micro structures of briquettes including char, metal iron, iron oxide, and so on, to develop innovative composites suitable to an efficient blast furnace operation.
Charging Briquettes to a Blast Furnace
If it is undertaken to be charged a part of these briquettes into the ore layer in a blast furnace, briquette C would be superior to briquettes A and B because the former could complete reduction of ore in the lower temperature ranges and retain smooth gas permeability by residual carbon without forming a low melting slag in the higher temperature ranges. Also, it was reported that the reduction of sinter could be enhanced further by charging it with a part of briquettes 15, 16) or carbon iron composite 17) along with improving softening-melting behavior.
On the other hand, the low melting slag would extend a length of cohesive zone, while it could enhance carburization to metallic iron by solid carbon and metal melting, 10, 11) probably having a possibility to realize BF operation in lower temperatures.
Conclusions
Several hot briquettes mixed with coal and ore fines were prepared to elucidate influence of more coal amounts than C/O=3/3 on their reaction behavior in a laboratory scale blast furnace simulator. The followings were summarized. 1) Both apparent density and crushing strength after briquetting decreased with increasing coal contents.
2) The gasification degree progressed faster and the reduction degree progressed slower with decreasing coal amounts mixed in briquettes.
Both gasification degree of coal and reduction degree of iron ore during reaction were evaluated from weight loss and carbon content in the briquettes after reaction. The first order reaction rate constants for gasification and reduction obtained over 700-1 000°C increased and decreased with initial molar ratio Fe/C in briquettes, respectively.
The reduction degree for sinter under a BF simulated condition provided a little retardation around 80% above 1 100°C, showing a lower reducibility than briquettes.
3) Regarding shrinkage of briquettes during reaction, it was found that briquettes A and B shrank rapidly around 1 250°C probably due to metal melting with iron carburization by residual carbon, while briquette C did not almost shrink until 1 400°C due to spacer effect of much residual char.
The cold crushing strength after partial reaction tended to decrease beyond the initiation of iron metallization, while they provided more than those required for practical blast furnace pellets during a whole period.
4) Regarding gasification of partial reacted briquettes, the rate constants kg were obtained as a linear relation against initial molar ratio Fe/C in their briquettes, which means the gasification of carbon in briquettes have been mostly proportional to relative amounts of metallic iron as catalysis.
If comparing these results with kg value of coke, briquette A had kg value of 2 500 times greater than coke.
A relation between reactivity and strength after gasification indicated usual tendency to increase reactivity with decreasing strength.
5) If it is supposed to be charged a part of these briquettes into the ore layer in a blast furnace, briquette C would be superior to briquettes A and B because the former could complete reduction of ore in the lower temperature ranges and retain smooth gas permeability by residual carbon without forming a low melting slag in the higher temperature ranges, while these slag could enhance carburization to metallic iron by solid carbon and metal melting.
